Introduction
Polyaromatic hydrocarbons (PAHs) are mainly neutral and nonpolar compounds consisting of different aromatic rings. Many of them show strong fluorescence. All show a low solubility in polar solvents which decreases with increasing number of rings in the molecule. Many PAHs are known carcinogenic. From their toxicological properties, it is useful to classify PAH molecules into ring systems with 2 to 3 six member rings and systems with 4 to 6 rings. In a natural environment, PAH molecules with 4 to 6 rings are mainly adsorbed on particle surfaces. Smaller molecules (2 to 3 ring systems) are mainly dissolved in water or occur as gas [1] . The analysis of PAH is of great concern because they were generated during all combustion processes. A short review of thin-layer chromatography (TLC) analysis is given in ref. [2] . PAHs have no functional groups; thus, a separation is difficult. PAH normal-phase liquid chromatography shows increasing retention with their molecular quadrupole moments [3] . In reversed-phase (RP) separation, retention is governed by molecular quadrupole moments and molecular polarizability [4] . Roughly speaking, PAH retention in normal phase as well as in RP separations depends on the number of π-electrons in the analyte. Publications show that, for PAH separations, the stationary phase silica gel and aluminum oxide as well as RP-8, cyanopropyl, and diol phases were used. A large PAH retention can be achieved when the silica layer is impregnated with caffeine or tetracyanoethylene. These compounds form charge transfer complexes with PAHs [5, 6] . The TLC separation capacity of PAHs is restricted to not more than 10 compounds [5] [6] [7] ; thus, numerous 2D-separations were published in order to increase separation performance [8] [9] [10] [11] [12] . For example, aluminum oxide was used in the first and acetylated cellulose in the second run [8] . Two-dimensional TLC (2D-TLC) was also published for cellulose plates containing 30% acetylated cellulose [9, 10] and for mixed Al 2 O 3 /acetylated cellulose plates [11, 12] . Both methods used RP-as well as normal-phase separation modes. Reversed-phase chromatography with PAHs is possible when using RP-18 material, acetylated cellulose, RP-8, cyanopropyl, and diol phases. Unfortunately, the selectivity for all PAHs does not change so much in comparison to normal-phase separations. Best results have been obtained using mixed phases of different bonded materials [13] [14] [15] . The drawback of all these methods is that the plates are commercially not available or have layers with course particles.
PAH detection is mostly performed using fluorescence. The richly structured PAH spectra can be used for quantification even if there are no fully separated peaks in the densitogram [7] . The detection limits for measurements in absorption are in the range of 10 to 100 ng per track. Fluorescence measurements can be performed by a factor of 100 more sensitive. Using chemiluminescence as detection method, a detection limit for benzo [a] pyrene of less than 100 pg per track is possible [16] . It should be noted that not all compounds showing fluorescence show also chemiluminescence. This finding opens the way for specific quantification of molecules showing chemiluminescence.
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The purpose of this publication is to develop a fast and robust working 2D-TLC method for polyaromatic hydrocarbons separated on RP-18 plates. A literature survey shows that mixed plates consisting of different stationary phases will make orthogonal separations possible. The basic idea for a PAH separation is to use partly unreacted RP-18 stationary phases as a mixed RP-18/silyl-plate. A second objective is to separate the compounds benzo[a]pyrene and perylene using an RP-18 phase. A third objective of this publication is to sensitively and selectively determine benzo[a]pyrene using chemiluminescence.
Experimental

Preparation of Standards and Application on HPTLC Plates
All the PAHs used were of analytical reagent grade. All PAHs had a purity of ≥99.0%. Polyaromatic hydrocarbons were purchased from LGC Standards (Wesel, Germany). Bis(2,4,6-trichlorophenyl)oxalate (TCPO) was purchased from Fluka (Buchs, Switzerland) as was also H 2 O 2 (30%). Acetonitrile, methanol, n-pentane, n-butyl acetate, and acetone were obtained from Merck (Darmstadt, Germany). TLC silica gel 60 RP-18 Al-foil (Merck, 1.05559) with 0.2-mm layer thickness as well as HPTLC 60 RP18-18 glass plates with 0.2 mm thickness (Merck, 1.05914) and HPTLC RP-18W glass plates (Merck, 1.13124) have been used as stationary phases. Caffeine-impregnated plates (1.15086) were also obtained from Merck.
Stock and Sample Solutions
Standard solutions were prepared by dissolving the PAH-mix 61 from LGC standards (EPA standard) with a mixture of acetone-methanol (1:1, v/v). The names of the contained PAHs and their concentrations are listed in Table 1 . For calibration purposes, the stock solutions were subsequently diluted with methanol in order to apply amounts of 0.5 µL on plate using a glass pipette. Samples and standards were spotted on the TLC plate (10 × 10 cm) 7 mm from the plate sides. N-pentane was used as the mobile phase in the first direction at −20°C. The mixture acetonitrile-methanol-acetone-water (12:8:3:3, v/v) was used for developing in the second direction. Both developments were carried out over a distance of 43 mm. The first run finished after 5 min and the second run (at room temperature) after 5.5 min. The first run was performed twice. The measured hR f values are listed in Table 1 .
Apparatus
For direct spectrophotometry of TLC plates, a TIDAS TLC 2010 system (J&M Aalen, Germany) was used with a reflection attachment of two rows with 25 identical optical fibers showing a diameter of 100 µm each (produced by TransMIT-Centre for Fibre Optics and Industrial Laser Applications, Giessen, Germany). One row was used to illuminate the plate, and the other was used to measure the reflected light. A TIDAS system with a wavelength resolution of 0.8 nm was used for detection. The interface was fixed at a distance of 450 µm above the plate surface. During measurements, the plate moved underneath this interface with constant velocity. The measurement time for a single spectrum (measured by a Tidas TLC 2010 device) in the wavelengths range from 190 to 1000 nm was 50 ms.
For chemiluminescence, a sensitive charged-coupled device (CCD) camera (model: Celvin® S, Biostep company, Jahnsdorf, Germany) was used. The measurement time was 1 min with no pixel-binning. The lowest light intensity in the measured picture was set to I 0 . All other measured light intensities (I) were divided by this value. To reduce noise, 60 diodes were combined to single densitogram per track, with R calculated as R = I / I 0 .
The signal transformation (transformed measurement data TMD) was done by using eq. (1) with a k factor of k = 0.5 for absorption and with a k factor of k = 0 for chemiluminescence evaluations [7] :
where k = backscattering factor (k ≥ 0 and k ≤ 1), a = the absorption coefficient, R = J(λ)/J 0 (λ); J(λ) = light intensity at a special wavelength and a special position on the separation track, and (for absorption measurements) J 0 (λ) = light intensity at a special wavelength and a track position without any analyte.
Results and Discussion
Separation
2D-separation was performed on a TLC RP-18 plate, purchased from Merck, Darmstadt, Germany (1.05559). A single spot was applied on plate in a corner of each plate with 7 mm distance to the plate sides, respectively. The spot resolution is only slightly worse in comparison to RP-18 and RP-18W HPTLC plates (Merck, 1.05914 and 1.13124), but separation is much faster. In the first direction, the plate was developed twice over 43 mm using n-pentane at −20°C as the I assume that this separation in the first direction is a normal-phase adsorption separation because the oxidized (and thus polar) polyaromatic hydrocarbons mostly stay at the point of application, only moving in the second developing step. It could be discussed that, in the first separation system, noncoated silyl-groups act as the stationary phase. Figure 1 shows the Kubelka-Munk contour plot (k = 0.5 in eq. (1)) of such a separation in the wavelengths range from 200 to 600 nm. The diode-array detection (DAD) scan shows a separation of approximately 10 compounds, all with rich structured spectra.
In the second direction, the plate was developed over a distance of 43 mm using the mixture acetonitrile-methanol-acetonewater (12:8:3:3, v/v) at room temperature. This separation needs 5.5 min for development using the TLC plate, 17 min using the RP-18 HPTLC plate, and 14.5 min for the RP-18 W HPTLC plate. The separation in the second direction seems to be an RP mode separation. As mentioned before, oxidized PAHs will not move in the first run but move to high R f values in the second run. Figure 2 shows the Kubelka-Munk contour plot (k = 0.5 in eq. (1)) of this separation in the wavelength range from 200 to 600 nm.
The combination of both separations can be seen in Figure 3a as a 2D-separation, measured with a CCD camera under UV-366 illumination. Figure 3b shows the plot of the inverted picture. More than 16 spots can be distinguished. Some of them are from oxidized PAHs which will increase in their intensity when the standard solution is not freshly prepared. It should be mentioned that the separation should be done under nitrogen to avoid PAHs contact with oxygen.
Figures 3a and 3b demonstrate that many compounds of the PAH-16 standard mix are separated. On the other hand, the compounds of larger molecular size (with five and six rings) show an insufficient separation. In both modes, PAHs are mainly separated according to their sizes (e.g., number of π-electrons). Nevertheless, comparing the hR f values according to Table 1 shows that some elution changes could be achieved. All in all, no baseline separation of all 16 PAHs was possible.
Chemiluminescence
Chemiluminescence is a widely used method for ultratrace analysis. Surprisingly, it is rarely used in TLC. Only five papers dealing with TLC-chemiluminescence have been published by three different groups [16] . This may be due to questions of quantification limits and synchronization problems. Nevertheless, even in 1977, the advantages of this method were clearly described as a suitable tool for TLC quantifications. Chemiluminescence can be used to increase the selectivity of a PAH separation because not all PAHs show chemiluminescence. In this way, even insufficiently separated PAH can be baseline separated and measured. 
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Chemiluminescence can be easily induced by oxidation of diaryl ethanedioates. The compounds bis(2,4-dinitrophenyl)oxalate (DNPO) and bis(2,4,6-trichlorophenyl)oxalate (TCPO) are often used for this reaction. Both compounds are quickly oxidized by H 2 O 2 . In the presence of fluorescent compounds, the reaction energy can be transferred to the fluorescing compound which emits light while relaxing from its excited state. Since 1980, this reaction has been widely used as a sensitive and versatile analytical tool for tracing fluorescing compounds.
To perform chemiluminescence on TLC plate, a solution of 225 mg TCPO dissolved in 45 mL of n-butyl acetate was prepared. The amount of 125 µL H 2 O 2 (30%) was vigorously shaken with this solution for 20 min. The mixture is suitable for chemiluminescence measurements within a period of 48 h. The best results were observed when the plate was dipped in this solution for one second. The wet plate was dried until no light reflection could be seen on the surface. Then the TLC plate was covered by a glass plate and measured for 1 min using a very light-sensitive CCD camera.
For evaluations, the lowest light intensity in the measured picture was set to I 0 . All other measured light intensities (I) were divided by this value. Luminescence was calculated using the expression (R − 1) with the abbreviation R = I/I 0 . Figure 3c shows the 2D-separation using chemiluminescence in conjunction with a CCD measurement. The picture was inverted to show brightly shining zones dark. Figure 3c shows some dark spots, but only two of them are really intensive and can be used for sensitive chemiluminescence quantification. Spot number 1 (see Figure 3d) is the signal of benzo[a]pyrene. Perylene is not in the EPA standard mix but will move to the same position and, thus, cannot be separated from benzo[a]pyrene. Spot 2 is caused by a degradation product probably from benzo [a] pyrene. This spot can be avoided if all separation steps were performed under nitrogen avoiding oxygen contact to PAHs. The right hand spot (3) is caused by anthracene and anthracene degradation products, spot (4) is chrysene, and spot (5) is phenanthrene.
Limit of Detection
The limit of detection (LOD) was calculated as threefold of the noise at the lowest value of the calibration function. For calculating LODs, different amounts of pure standards have been applied bandwise on a single plate, separated, and evaluated [17] . The spot intensity of perylene and benzo[a]pyrene after 2D-separations was nearly identical. The calculation of the LOD according to Nevertheless, chemiluminescence in combination with 2D-TLC can be used as a fast and selective method for the quantification of some PAHs in complicated mixtures. Using the described solvent mix, PAHs can be identified as a broad line in the middle of the 2D-plate. Polar compounds will move to positions outside this line. The 2D-separation conditions are useful for revealing PAH oxidation products.
Separation of Benzo[a]pyrene and Perylene
The TLC separation of perylene and benzo [a] pyrene is a challenge. Both compounds cannot be separated using RP-18 or silica gel as the stationary phase. Own attempts to separate both PAHs on aminopropyl-, diol-, or cyanopropyl-phase were not successful. A separation is possible on caffeine-impregnated silica gel with CH 2 Cl 2 as the mobile phase over a separation distance of 50 mm. Figure 5 shows no baseline separation, but perylene can be clearly distinguished from benzo[a] pyrene. Unfortunately, for both substances, the LOD on silica gel is worse by a factor of 20 in comparison to an RP-18 separation.
Conclusion
The U.S. Environmental Protection Agency (EPA) indicates the following compounds as probable human carcinogens: benz(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene, benzo(k)fluoranthene, chrysene, dibenz(a,h)anthracene, and indeno(1,2,3-c,d)pyrene [18] . The proposed 2D-TLC method is able to separate these compounds from other PAHs. A baseline separation in this group is not achievable, but the method is able to separate PAHs from PAH oxidation products. A merit of this paper is that it presents a specific and very sensitive indication method for dibenz(a)pyrene. The drawback is that perylene moves to the same position and even shows stronger chemiluminescence. The proposed chemiluminescence screening test on PAHs is extremely sensitive but may indicate a false positive result for benzo [a] pyrene.
